A new experimental set-up for Boltzmann constant measurement is described. Statistically averaged square of voltage U 2 is measured for different capacitances C. Boltzmann constant is determined by the equipartition theorem C U 2 = k B T . For fixed capacitance, voltages could be measured for different temperatures. The set-up consists of low-noise high frequency operational amplifiers ADA4898-2. An instrumental amplifier is followed by an inverting amplifier, square of the voltage is created by an analog multiplier AD633 and finally the averaged signal is measured by a multimeter.
I. INTRODUCTION
In the beginning of the development of statistical physics Albert Einstein suggested 1 that Boltzmann constant k B can be determined using the equipartition theorem for thermally averaged square of the voltage U 2 of a capacitor C C U 2 = k B T.
The first attempt for the realization of this idea was made by Habicht brothers 2 in 1910 but unfortunately their electrostatic amplifier with mechanically rotating parts suffered from floating of the zero. It is strange that for more than a century this simple experiment has not yet been performed.
The purpose of the present work is to present a simple selfmade set-up for determination of Boltzmann constant in highschool and student laboratories. This is is a good methodological illustration of the equipartition theorem. First of all the signal should be amplified million times Y ≈ 10 6 using low-noise, high-frequency operational amplifiers. The problem of the floating of the zero is solved with large fast capacitors sequentially connected to the gain resistors of the circuit depicted at Fig. 1 . Later on the signal has to be squared by an analog multiplier, this squared signal has to be averaged by a low-pass filter and finally the time averaged signal V is measured by an ordinary multimeter.
II. THEORY
The time averaged square of the investigated voltage U 2 and the constant voltage measured by a voltmeter V is related by a constant with dimension of voltage U *
Calculation of the voltage constant of the device from Fig. 1 is a routine task for electronics
In this formula one can recognize the total linear amplification Y of a instrumentation amplifier 3 y 1 y 2 followed by and inverting amplifier with amplification y3
and the formula for the operation of the multiplier 4 . For more details of the calculation, see the unabridged version of this work 5 . The substitution of U 2 from the equipartition theorem Eq. (1) into the property of the circuit we derived Eq. (4) gives a linear dependence between the DC voltage V and the inverse capacitance 1/C
where the slope of the straight line determines the Boltzmann constant.
III. EXPERIMENT
A photograph of the realized circuit is given at Fig. 2 . The set of the parameters from the circuit and the integral schemes is listed in Table I . A set of the calculated parameters is given in Table II . The experimental data corresponding to Eq. (6) is presented at Fig. 3 . The achieved accuracy for determination of Boltzmann constant is rather poor
the systematic error is around 40% but it is a good beginning for a $50 set-up which can be further elaborated. The random thermal voltage can be observed with an oscilloscope, the temperature T of the resistor R can be varied form the freezing to boiling point of the water but we are presenting only the simplest experiment which can be realized in every high school. It is intriguing to measure a fundamental constant by a set-up which can be created from scratch within a week by a novice. 
parallely connected capacitor C and resistor R. In the circuit we can recognize an instrumental amplifier, 3 an inverting amplifier, 3 a multiplier with inputs connected in parallel, 4 and an averaging low-frequency filter. The expressions of the constants y1 and U * by the circuit parameters is given in the text, Eq. (5) TABLE II. Table of the calculated parameters necessary for the analysis of the circuit (time constants, frequencies, voltages and linear amplification). f0 is the -3dB bandwidth of the ADA4898,
IV. CONCLUSIONS
The experimental set-up contains 3 integral circuits: 2 operational amplifiers, a multiplier, 3 large fast capacitors and 9 V batteries. Such a set-up can be realized in every high-school and complete the teaching of thermal fluctuations and electronics. A software oscilloscope can be used in every class instead. When the set-up PCB version is outsourced in China, the measurement of Boltzmann constant can reach any student from the 1-st, 2-nd and perhaps 3-rd world before WWIII.
ACKNOWLEDGMENTS
The authors are grateful to Vasil Yordanov for his contribution at the early stages of the present research 5 , to Vassil Gourev for reproducing the device and introducing it into a regular student lab practice, to Iglika Dimitrova for solder- ing of the ADA4898 amplifiers to the connector boards, to Alexander Stefanov for elaboration of the board design, to Alexander Petkov for making the first measurements, to Nikolay Zografov for introducing order in the lab, to Andreana Andreeva for animation of the spirit in the lab, to Emil Petkov for measurements of key characteristics of the circuit power supply.
